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Abstract: In order to identify the principal factors influencing soil water characteristics (SWC) and 
evaluate SWC effectively, the multivariate-statistical canonical correlation analysis (CCA) method 
was used to study and analyze the correlation between SWC and soil physical and chemical 
properties. Twenty-two soil samples were taken from 11 main tobacco-growing areas in Guizhou 
Province in China and the soil water characteristic curves (SWCC) and basic physical and chemical 
properties of the soil samples were determined. The results show that: (1) The soil bulk density, soil 
total porosity and soil capillary porosity have significant effects on SWC of tobacco fiels. Bulk 
density and total porosity are positively correlated with soil water retention characteristics (SWRC), 
and soil capillary porosity is positively correlated with soil water supply characteristics (SWSC). (2) 
Soil samples from different soil layers at the same soil sampling point show similarity or consistency 
in SWC. Inadequate soil water supply capability and imbalance between SWRC and SWSC are 
problems of tobacco soil. (3) The SWC of loamy clay are generally superior to those of silty clay loam.     
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1 Introduction 
China now has the largest cultivated area and yield of tobacco in the world. As one of the 
main cash crops, tobacco plays a very important role in China’s national economy. In Guizhou 
Province, which is the second largest high-quality tobacco-producing province in China, 
flue-cured tobacco production has become an important industrial mainstay and is significant 
to the development of the regional economy. SWC result from combinations of physical and 
chemical properties of soil (Saxton et al. 1986; Kern 1995; Rajkai et al. 1996; Keller et al. 
2007; Lipiec et al. 2007). They affect soil productivity (Sifola and Postiglione 2002; Çakir and 
Çebi 2006), yield, and the quality of flue-cured tobacco (Tonello et al. 1993; Maw et al. 1997; 
Bilalis et al. 2009), and are the premise and basis of management of irrigation and drainage for 
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flue-cured tobacco (Tonello et al. 1993; Maw et al. 1997). It is therefore important to 
understand the correlation between SWC and soil physical and chemical properties. In the 
present study, basic soil physical and chemical factors influencing SWC were identified using 
the CCA method, and comprehensive SWC evaluation of tobacco soils was carried out 
according to the canonical variables. The study aims to provide a basis for improving soil 
water conditions, formulating reasonable plans and measures for irrigation and draught, and 
further enhancing economic and environmental benefits of flue-cured tobacco production in 
Guizhou Province in China. 
2 Materials and methods 
2.1 Basic soil properties determination 
According to on-site survey and study, 11 tobacco-growing areas where flue-cured 
tobacco had been widely planted for many years and the yield and quality of flue-cured 
tobacco was relatively high were selected as the soil sampling points. Undisturbed soils from 
layers at 0-30 cm and 30-60 cm depths were used as experimental soil. Basic physical and 
chemical properties of soil samples were measured and the soil texture was analyzed (Table 1) 
according to the conventional methods (Sparks et al. 1996; Dane and Topp 2002). 
Table 1 Selected soil properties of 11 tobacco-growing areas in Guizhou Province, China 
0-30 cm 30-60 cm 
No. Sampling point 
Organic 
matter 
content 
(g/kg) 
Bulk 
density
(g/cm3)
Total 
porosity 
(m3/m3) 
Capillary 
porosity 
(m3/m3) 
Clay 
content
(<2μm) 
(g/g) 
Soil
texture
Organic 
matter 
content
(g/kg)
Bulk 
density
(g/cm3)
Total 
porosity 
(m3/m3)
Capillary 
porosity 
(m3/m3) 
Clay 
content 
(<2μm) 
(g/g) 
Soil 
texture 
1 Tongzi 33.7 1.33 0.51 0.20 0.22 
Silty 
clay 
loam
30.6 1.38 0.49 0.18 0.24 
Silty 
clay 
loam 
2 Sinan  9.0 1.42 0.48 0.15 0.34 Siltyclay  3.5 1.31 0.51 0.16 0.40 
Silty 
clay 
3 Kaili 18.5 1.39 0.48 0.14 0.44 Loamy clay 11.3 1.43 0.48 0.18 0.44 
Loamy 
clay 
4 Hezhang 37.3 1.27 0.53 0.17 0.36 Loamy clay 29.3 1.46 0.46 0.17 0.24 
Silty 
clay 
loam 
5 Shuicheng 49.9 1.04 0.61 0.21 0.24 Clay loam 43.6 1.35 0.51 0.21 0.32 
Loamy 
clay 
6 Fenggang  25.5 1.10 0.58 0.29 0.24 
Silty 
clay 
loam
13.7 1.45 0.49 0.24 0.15 
Silty 
clay 
loam 
7 Xiuwen  21.5 1.18 0.55 0.19 0.40 Loamy clay 12.3 1.46 0.49 0.19 0.40 
Loamy 
clay 
8 Fuquan  19.6 1.52 0.43 0.17 0.20 
Sandy 
clay 
loam
11.3 1.46 0.45 0.19 0.16 
Sandy 
clay 
loam 
9 Anshun  30.0 1.26 0.53 0.18 0.40 Loamy clay 17.0 1.18 0.56 0.17 0.36 
Loamy 
clay 
10 Dafang  41.0 1.23 0.54 0.15 0.24 Clay loam 38.4 1.35 0.50 0.17 0.24 
Silty 
clay 
loam 
11 Zunyi  26.5 1.46 0.48 0.18 0.24 
Silty
clay
loam
24.0 1.35 0.49 0.17 0.24 
Silty 
clay 
loam 
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2.2 SWCC determination 
A soil water characteristic curve is the curve of soil matrix suction against soil water 
content. It reflects internal relations between energy and quantity of soil water and is an 
important tool for studying SWRC and SWSC. In the present study, the drying SWCC of 22 
soil samples from tobacco fields in the suction range of 0.1-15 bar were measured in the 
laboratory with the pressure membrane method. Experimental data were fitted using the 
Gardner model (Gardner et al. 1970a, 1970b): 
              = BAST                                  (1) 
where T  is the soil volumetric moisture content, S is the soil matrix suction, and A and B are 
the fitting parameters (Table 2). Table 2 shows that determination coefficients (r2) are almost 
greater than 0.940. The Gardner model provides a good fit with the measured data. 
Table 2 Fitting results of SWCC 
0-30 cm 30-60 cm 
No. Sampling point 
A B AB r2 A B AB r2
1 Tongzi 0.270 0.126 0.034 0 0.977 0.265 0.115 0.030 5 0.975 
2 Sinan 0.352 0.072 0.025 3 0.945 0.348 0.076 0.026 4 0.955 
3 Kaili 0.332 0.070 0.023 2 0.943 0.341 0.090 0.030 7 0.950 
4 Hezhang 0.314 0.090 0.028 3 0.934 0.345 0.083 0.028 6 0.940 
5 Shuicheng 0.264 0.128 0.033 8 0.971 0.381 0.870 0.331 5 0.955 
6 Fengang 0.301 0.160 0.048 2 0.977 0.331 0.117 0.038 7 0.963 
7 Xiuwen 0.287 0.108 0.031 0 0.954 0.366 0.086 0.031 5 0.932 
8 Fuquan 0.233 0.128 0.029 8 0.992 0.214 0.156 0.033 4 0.967 
9 Anshun 0.364 0.080 0.029 1 0.989 0.442 0.064 0.028 3 0.981 
10 Defang 0.280 0.095 0.026 6 0.964 0.328 0.088 0.028 9 0.957 
11 Zunyi 0.336 0.088 0.029 6 0.977 0.346 0.078 0.027 0 0.960 
2.3 Data analysis method 
In natural science and social science research, the correlation between two sets of 
variables is very complex and variable information often overlaps and intersects. Assuming 
that 1 2 3, , , , px x x x  and  are two sets of variables correlated with each other, 
p×q correlation coefficients are calculated in p×q analytical processes of paired variables 
using conventional correlation analysis methods. Obviously, it is difficult to get to the essence 
of things. CCA is similar to principal component analysis, namely, the study of correlation 
between representative composite indicators (linear combinations of variables) instead of two 
sets of variables. This is more effective in illustrating the complex and diverse relationships 
between two sets of variables (Barnett and Preisendorfer 1987; Barnston and Ropelewski 1992; 
Melzer et al. 2003; Yang et al. 2006). In the present study, CCA was conducted with the 
computer program SPSS. 
1 2 3, , , qy y y y
3 Results and analysis 
3.1 Canonical variable extraction 
The SWCC are dynamic. When using the SWCC for research on SWC, people seek some 
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2X
5Y
2X
5Y
reasonable static parameters to reflect this dynamic process (Zhao et al. 1989). At present, soil 
water content and specific water capacity at 1 bar (soil suction threshold value for normal crop 
growth) are often used as static indices to evaluate SWRC and SWSC (Shen and Xi 1990; Liu 
and Dong 1997).  
Two sets of variables were constructed according to the data shown in Table 1 and 
Table 2. The first set represents SWC: a static index of SWRC (X1), and a static index of 
SWSC (X2). The second set represents basic soil physical and chemical properties: organic 
matter content (Y1), bulk density (Y2), total porosity (Y3), capillary porosity (Y4), and clay 
content (< 2μm) (Y5). CCA of the two sets was carried out. The results showed that the two 
pairs of canonical variables extracted from the two sets of variables were all statistically 
significant (P < 0.05). Canonical correlation coefficients (R) of the first and second pair of 
canonical variables were 0.990 (R1) and 0.669 (R2), respectively (Table 3). Two pairs of 
canonical variables were constructed according to the standardized coefficients of variables 
shown in Table 4:  
                                                       (2) 1 1=0.088 +1.108U X
                              (3) 1 1 2 3 40.033 0.015 0.022 0.988 0.051V Y Y Y Y     
                                                     (4) 2 11.027 0.166U X 
                             (5) 2 1 2 3 40.312 2.618 2.916 0.023 0.525V Y Y Y Y     
where U1 and U2 represent the first set of canonical variables of SWC, and V1 and V2 represent 
the second set of canonical variables of basic soil physical and chemical properties. 
Table 3 R and significance test
Pair number R 2F  Degree of freedom Probability value P
1 0.990 76.274 10 0 
2 0.669 10.082  4 0.039 
Table 4 Standardized coefficients of variables 
Pair number X1 X2 Y1  Y2  Y3  Y4  Y5
1 0.088 1.108 0.033 0.015 0.022  0.988 0.051 
2 1.027 0.166 0.312  2.618  2.916 0.023  0.525 
3.2 Structure analysis of canonical variables 
For the first pair of canonical variables, the variables that have the largest absolute values 
of coefficients are X2 in U1 and Y4 in V1. This indicates that U1 is mainly dependent on the 
factor X2 and V1 is mainly dependent on the factor Y4. Besides, the coefficients of X2 and Y4 are 
both positive. This shows that there is a positive correlation between SWSC and capillary 
porosity. Coefficients of Y1, Y2, Y3, and Y5 are all negative and their absolute values are very 
small. This indicates that soil organic matter content, bulk density, total porosity, and clay 
content (< 2μm) are negatively correlated with SWSC and have little influence on SWSC. 
In the second pair of canonical variables, the coefficient of X1 has the maximum absolute 
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value in U2. This indicates that U2 is mainly dependent on the factor X1. Absolute values of the 
coefficients of Y2 and Y3 are relatively larger in V2. This illustrates that V2 is chiefly dependent 
on the factors of soil bulk density and total porosity. Moreover, the coefficients of X1, Y2 and 
Y3 are all positive. This indicates that bulk density and total porosity are positively correlated 
with SWRC. Similarly, SWRC have a negative relation with soil organic matter content and 
capillary porosity, but a positive relation with clay content (< 2μm). Y1, Y4 and Y5 all have little 
influence on SWRC. 
In addition, as shown in Table 3, R1 (0.990) > R2 (0.669), and R1 (P = 0) is more statistically 
significant than R2 (P = 0.039). This indicates that SWSC are more closely related with the 
influencing factor Y4, but some factors influencing SWRC other than Y2 and Y3 still play a role 
that cannot be ignored.  
3.3 SWC evaluation of tobacco soils 
V1 and V2 are canonical variables of basic soil physical and chemical properties that 
comprehensively reflect the SWC. Thus, scores of V1 and V2 can be used to evaluate SWC of 
tobacco soils. A scatter diagram of 22 soil samples was made with the score of V1 being the 
abscissa and the score of V2 the vertical coordinate (Fig. 1, in which   1,2, ,11ia i    
represents soil samples from the layer at 0-30 cm depth and  1,2, ,11ib i    represents soil 
samples from the layer at 30-60 cm depth). Due to the positive correlation between the 
determinants (Y4, Y2 and Y3) of V1 and V2 and SWC, points located to the right of the V2-axis 
are considered to be favorable SWSC, while points located to the left of the V2-axis are 
considered to be poor SWSC. Similarly, points above the V1-axis are considered to be 
favorable SWRC, but points below the V1-axis are considered to be poor SWRC.  
Fig. 1 Scatter diagram of 22 soil samples
As shown in Fig. 1, of the total 22 points, 12 (more than half) are located in the second 
and forth quadrants and only four are located in the first quadrant. In other words, there are 
more soil samples with relatively favorable SWRC (points in the second quadrant) or SWSC 
(points in the fourth quadrant) than with both relatively favorable SWRC and SWSC (points in 
the first quadrant). This suggests that there is a serious imbalance of SWC in the main 
tobacco-growing areas in Guizhou Province in China. Further observation shows that two 
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points (  and ) from the same sampling location are in adjacent quadrants (both points are 
located to one side of the V
ia ib
1-axis or V2-axis) or in the same quadrant, but not in diagonally 
situated quadrants. This indicates that the SWC of soil samples from the layers at 0-30 cm and 
30-60 cm depths at the same sampling point are alike or consistent. In addition, there are more 
points located to the left side of the V2-axis than to the right side of the V2-axis, with a ratio of 
1.75/1. This means that most tobacco soils in Guizhou Province in China have inadequate soil 
water supply capability. 
With regard to the soil texture, loamy clay soil samples are located in each quadrant 
except for the third (with a proportion of 3/4 in the first quadrant, 5/8 in the second quadrant, 
and 1/4 in the fourth quadrant), but silty clay loam soil samples are located in all four 
quadrants (with a proportion of 1/4 in the first quadrant, 1/8 in the second quadrant, 4/6 in the 
third quadrant, and 2/4 in the fourth quadrant). Conjoint analysis of the proportion in each 
quadrant shows that loamy clay has favorable SWRC (loamy clay sampling points make up a 
large proportion of points above the V1-axis), but silty clay loam has poor SWRC (silty clay 
loam points make up a large proportion of points below the V1-axis). In addition, the great 
majority of soil samples (16 out of all 22 sampling points) are loamy clay and silty clay loam, 
so there are great differences in the SWRC of the two types of soil texture. Further analysis of 
the proportion of the two main types of soil texture in each quadrant shows that loamy clay 
soil samples make up the largest proportion in the first quadrant (3/4) and silty clay loam soil 
samples make up the largest proportion in the third quadrant (4/6). In general, loamy clay is 
better than silty clay loam in terms of balance between SWRC and SWSC. Other types of soil 
texture make up small proportions of all the sampling points (clay loam: 2/22; silty clay: 2/22; 
and sandy clay loam: 2/22). They are not typical or representative, so we need no further 
analysis of them. 
4 Conclusions 
(1) The Gardner model can be used to describe the drying SWCC of tobacco soils in the 
suction range of 0.1-15 bar in Guizhou Province in China. Generally, the suction range of 
0.1-15 bar is also the suction interval of total available soil water, so the Gardner model 
constructed in this paper can provide a theoretical support for rational utilization of soil water 
resources and management of irrigation and drainage for flue-cured tobacco. 
(2) Through the CCA, the internal relations between SWC and basic physical and 
chemical properties of soil samples were effectively presented, and soil bulk density, total 
porosity and capillary porosity were determined to be principal factors influencing SWC. Soils 
in the layers at 0-30 cm and 30-60 cm depths in the same tobacco-growing area were found to 
have similar or consistent SWC, which accords with the actual conditions of tobacco soils. 
(3) There are serious problems related to an imbalance between SWRC and SWSC and 
inadequate soil water supply capability in the main tobacco-growing areas in Guizhou 
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Province in China. Texture analysis shows that loamy clay and silty clay loam are the main 
soil textures in the main tobacco-growing areas, but the SWC of these two soil textures are 
very different from one another. The SWC of loamy clay are generally superior to those of 
silty clay loam. This research can provide a theoretical support for development and 
evaluation of high-quality tobacco production areas. 
(4) Because of the complexity of the factors influencing SWC, this evaluation model did 
not take into consideration some other factors of SWRC. This may influence the precision of 
the results. Improvements should be made in future studies. 
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